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ABSTRACT Hepatitis C virus (HCV) primarily infects hepatocytes, which are highly
polarized cells. The relevance of cell polarity in the HCV life cycle has been ad-
dressed only in distantly related models and remains poorly understood. Although
polarized epithelial cells have a rather simple morphology with a basolateral and an
apical domain, hepatocytes exhibit complex polarization structures. However, it has
been reported that some selected polarized HepG2 cell clones can exhibit a honey-
comb pattern of distribution of the tight-junction proteins typical of columnar polar-
ized epithelia, which can be used as a simple model to study the role of cell polar-
ization in viral infection of hepatocytes. To obtain similar clones, HepG2 cells
expressing CD81 (HepG2-CD81) were used, and clones were isolated by limiting dilu-
tions. Two clones exhibiting a simple columnar polarization capacity when grown on
a semipermeable support were isolated and characterized. To test the polarity of
HCV entry and release, our polarized HepG2-CD81 clones were infected with cell
culture-derived HCV. Our data indicate that HCV binds equally to both sides of the
cells, but productive infection occurs mainly when the virus is added at the basolat-
eral domain. Furthermore, we also observed that HCV virions are released from the
basolateral domain of the cells. Finally, when polarized cells were treated with oleic
acid and U0126, a MEK inhibitor, to promote lipoprotein secretion, a higher propor-
tion of infectious viral particles of lower density were secreted. This cell culture sys-
tem provides an excellent model to investigate the influence of cell polarization on
the HCV life cycle.

IMPORTANCE Hepatitis C is a major health burden, with approximately 170 million
persons infected worldwide. Hepatitis C virus (HCV) primarily infects hepatocytes,
which are highly polarized cells with a complex organization. The relevance of cell
polarity in the HCV life cycle has been addressed in distantly related models and re-
mains unclear. Hepatocyte organization is complex, with multiple apical and basolat-
eral surfaces. A simple culture model of HepG2 cells expressing CD81 that are able
to polarize with unique apical and basolateral domains was developed to study HCV
infection. With this model, we demonstrated that HCV enters and exits hepatocytes
by the basolateral domain. Furthermore, lower-density viral particles were produced
under conditions that promote lipoprotein secretion. This cell culture system pro-
vides a useful model to study the influence of cell polarization on HCV infection.
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ith approximately 170 million persons infected worldwide, hepatitis C is a major

health burden that can lead to chronic liver disease, often resulting in cirrhosis
and hepatocellular carcinoma. Hepatitis C virus (HCV) is primarily transmitted through
percutaneous routes and by unsafe injections with HCV-contaminated needles, with
vertical and sexual transmission contributing little to HCV spread. Once in the blood-
stream, HCV has direct access to hepatocytes, its major cellular target.
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Hepatocytes comprise 60% of the total liver cells and are the main contributor to
liver functions, such as lipid and glucose metabolism regulation, glycogen storage,
plasma protein and bile acid production, and detoxification (1). To perform these
functions, hepatocytes are polarized with functionally and morphologically distinct
membrane domains. The lateral domains are involved in cell-cell contact, and the basal
domains are in contact with the underlying space of Disse. The apical domains of
adjacent cells make up a narrow lumen in which the bile is secreted. Hepatocytes
ensure the blood-biliary barrier and mediate the vectorial exchange of macromolecules
between the two spaces. The apical and basolateral domains are separated by tight
junctions and have specific protein and lipid compositions. Tight junctions, formed by
multiprotein complexes, ensure the barrier functions to prevent the diffusion of com-
ponents between the apical and basolateral domains of cells. They also regulate
paracellular permeability across epithelia (2). Most epithelial cells have a columnar
organization with single apical and basolateral domains. In contrast, hepatocyte orga-
nization is complex, with multiple basolateral and apical poles.

HCV is a small enveloped virus with a single-stranded positive RNA genome of 9.6
kb. The virus takes advantage of many aspects of lipid metabolism in different steps of
its life cycle (3, 4). In infected patients, virions found in the very-low- and low-density
fractions of plasma display the highest infectivity (5). The low density of viral particles
is due to their association with very-low-density lipoproteins (VLDL) or low-density
lipoproteins (LDL) to form the so-called lipoviroparticles (LVP). Indeed, in addition to
the genome, capsid, and E1 and E2 envelope glycoproteins, lipoprotein components
have also been found in LVP. These molecules include cholesterol esters, triglycerides,
and several apolipoproteins (6-9). Nevertheless, the detailed mechanisms of LVP
formation remain unclear.

HCV entry into hepatocytes is a complex, multistep, and slow process (10). Two
tight-junction proteins, claudin-1 (CLDN1) and occludin (OCLN), are among the many
players involved in HCV entry (11, 12). Initial attachment of the virus to the cell surface
involves glycosaminoglycan and/or lipoprotein receptors (LDLR). After binding to the
cell surface, the virus undergoes a series of interactions with specific molecules. Data
gathered over the years suggest that HCV first encounters the scavenger receptor class
B type | (SR-BI), leading to conformational and composition changes in the viral particle
and exposure of the binding site to the tetraspanin CD81. Then, lateral diffusion of
virus-CD81 complexes promotes their association with CLDN1, whereas the exact role
of OCLN in HCV entry remains unclear. The virus is then internalized by a clathrin-
dependent pathway, followed by fusion of the viral envelope with early endosome
membranes to deliver the viral genome into the host cell (13, 14). Other proteins
have also been reported to contribute to the regulation of HCV entry (reviewed in
reference 10).

Because the HCV entry process is complex and involves two tight-junction proteins,
polarization of hepatocytes likely adds additional constraints on early steps of the HCV
life cycle. Furthermore, polarization also likely affects the release of virions in the
appropriate compartment. A robust cell culture model with appropriate polarization
properties to study HCV is still lacking. It has been known for a long time that HepG2
cells exhibit polarization properties, and clones of HepG2 cells have been isolated that
can polarize with a simple columnar morphology, like epithelial cells, when grown
on a semipermeable support (15, 16). Here, we developed a simple culture model
of HepG2 cells expressing CD81 (HepG2-CD81) able to differentiate into columnar
polarized cells with unique apical and basolateral domains. With this model, we
demonstrated that HCV entry and release take place at the basolateral domain of
hepatocytes. Furthermore, lower-density viral particles were produced in polarized
HepG2-CD81 cells under conditions that promote lipoprotein secretion. This cell
culture system provides a novel model to study the influence of cell polarization on
the HCV life cycle.
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FIG 1 Polarization of different HepG2-CD81 clones grown on transwell inserts was induced with 1% DMSO. Apical and basolateral media were collected every
day over a 21-day period. Secreted HSA (A) and apoE (B) were quantified by ELISA. The percentages of basolateral secretion over the total secreted quantity
(black bars), as well as the total quantities of HSA secreted in both chambers (white bars), are presented for each clone and are expressed as the means of the

results of three independent experiments. The error bars represent standard errors of the mean (SEM).

RESULTS

Isolation and characterization of HepG2-CD81 clones. To obtain cells that could
differentiate into columnar polarized monolayers, HepG2-CD81 cells were used, and
clones were isolated by limiting dilutions. A first screen of the cells was performed
based on the staining of the tight-junction marker zonula occludens 1 (ZO-1) on
confluent cells. We selected clones showing ZO-1 recruitment at cell-cell contact for
further characterization of their columnar polarization capacity. The cells were then
grown on semipermeable supports in William’s medium supplemented with 1% di-
methyl sulfoxide (DMSO).

Intracellular transport of proteins needs to be polarized to target a protein to the
correct membrane surface or extracellular space. Since one main function of hepato-
cytes is the synthesis and secretion of serum components, including human serum
albumin (HSA) or lipoproteins, we monitored the amounts of HSA and apolipoprotein
E (apoE) secreted in the basolateral chamber over time to test the functionality of cell
polarization. As shown in Fig. 1A, we identified two groups of clones. In the first group
(top row), two clones, 15 and 15C3, secreted high levels of HSA (>80%) for 12 days
before the monolayer started to age and the basolateral secretion of HSA decreased.
The total amount of HSA secreted by these clones increased until day 12 before
reaching a plateau. Clone 1 also showed a high level of secretion of HSA in the
basolateral chamber, but the cells were polarized for a shorter period. The other clones,
falling in the second group (middle row), presented a weaker level of polarization, with
secretion of HSA in the basolateral chamber below 70%. apoE secretion in the baso-

September 2017 Volume 91 Issue 18 e00478-17


http://jvi.asm.org

Belouzard et al.

>
w

CD26
TfR

Nuclei Z0-1
Z0-1

Nuclei

Merge
Merge

CD26

TR

FIG 2 (A and B) Clone 1SC3 cells were polarized and transduced or not with lentiviral vector to express HA-TfR. The cells were
fixed 6 days after inducing polarization and processed for membrane staining of CD26 (A) and HA (B), followed by
permeabilization and staining of the ZO-1 tight-junction protein and nuclei with DAPI. z stacks of xy sections of the cells were
acquired by confocal microscopy, and 3 different z sections are presented. (C) Schematic drawing of the positions of the
chosen sections. (D) x-z projections of the cells stained for CD26 and ZO-1 (top) and TfR and ZO-1 (bottom). CD26 and TfR are
shown in green, ZO-1 in red, and nuclei in blue.

lateral medium was analyzed at days 6 and 9, and the profile of secretion observed for
each clone was consistent with the results obtained with HSA secretion (Fig. 1B). We
next analyzed the localization of the tight-junction protein ZO-1 and of two proteins
partitioning on the different membrane domains, CD26 (also called dipeptidylpeptidase
IV), an apical marker, and the transferrin receptor (TfR), a basolateral marker (Fig. 2). To
facilitate the discrimination of the transferrin receptor expressed at the cell surface from
the intracellular pool, a transferrin receptor with a hemagglutinin (HA) tag (HA-TfR) in
the extracellular domain was expressed, and its cell surface expression was analyzed. In
Fig. 2A and B, three different z sections of the cells are presented for clone 1SC3. In Fig.
2C are depicted the z sections displayed in column 1, 2, and 3 of Fig. 2A and B. In
polarized clone 1SC3, ZO-1 was recruited at cell-cell contacts, showing staining char-
acteristic of ZO-1 association with tight junctions in well-differentiated polarized epi-
thelial cells (Fig. 2A and B, z sections 2). CD26 was found on the uppermost cell surface
(Fig. 2A and D, x-z projection) but was not detected on the cell surface below the tight
junctions (Fig. 2A, z section 3). In contrast, the transferrin receptor was detected only
on the basolateral membrane surface (Fig. 2B, z section 3, and D, x-z projection). These
data confirm the formation of distinct membrane domains. Similar results were ob-
tained with clone 15 (data not shown).

In conclusion, polarized clones 15 and 1SC3 grown on semipermeable supports
have the morphology of epithelial cells, with one apical domain and one basolateral
domain separated by tight junctions. Based on the secretion of HSA, the polarization of
the cells was optimal between days 5 and 10 after induction of polarization.
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FIG 3 (A) The same viral stock was titrated on different nonpolarized HepG2-CD81 clones by counting
FFU. The results are expressed as log,, FFU/ml, and the error bars indicate SEM from three independent
experiments. (B) The relative expression of miR122 was determined by RT-quantitative PCR (qPCR) in
Huh-7, clone 15, and clone 1SC3 cells and the HepG2-CD81 parental cell line. The results are expressed
as relative miR122 expression using Huh-7 cells as a calibrator.

HepG2-CD81 clone susceptibility to HCV infection. It has been shown that the
amount of CD81 expressed at the cell surface is important for HCV entry (17). However,
HepG2 cells only weakly support HCV replication because they poorly express the
liver-specific micro-RNA 122 (miR122) (18). Therefore, we analyzed the susceptibility of
our clones to HCV infection by measuring the viral titer after infection with a virus stock
produced in Huh-7 cells. The assay was performed in nonpolarized cells. Titers varying
between 3.2 = 0.13 and 4.63 = 0.13 log,, focus-forming units (FFU)/ml were obtained
after infection of our clones, whereas a titer of 5.45 * 0.19 log,, FFU/ml was measured
in Huh-7 cells using the same stock of HCV grown in cell culture (HCVcc), indicating that
our clones are all susceptible to HCV infection, albeit with varying levels of replication
efficiency (Fig. 3A). It is worth noting that the clones that were not selected in our first
screen because of their lack of ZO-1 recruitment at cell-cell contacst were not suscep-
tible to HCV infection (data not shown). Although they showed a 1.5 log,, decrease in
susceptibility to HCV infection compared to Huh-7 cells, clones 15 and 1SC3 were
further investigated in this study due to their relevant polarization properties and their
susceptibility to HCV. Expression of miR122 in these two clones was confirmed by
quantitative real-time reverse transcription (RT)-PCR. In the parental cell line, HepG2-
CD81, miR122 was detectable, but its relative expression level compared to Huh-7 cells
was very low (0.3%). As expected, we could not detect any miR122 expression in
HEK293T cells (not shown). Clone 15C3 showed a level of miR122 expression similar to
that in Huh-7 cells, whereas clone 15 showed only around 40% of the miR122 level
observed in Huh-7 cells.

Infection of polarized cell clones takes place at the basolateral domain. HCV is
thought to cross the fenestrated endothelium to enter the space of Disse, where virions
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FIG 4 (A) HCV infection of polarized cells. Polarized cells (clones 15 and 1SC3) and nonpolarized cells
(clone 1SC3, clone 15, and Huh7 cells) grown on transwell inserts were infected either at the basolateral
or at the apical domain. The polarized cells were incubated in the presence or absence of 1 nM
daclatasvir after inoculation. Thirty hours later, the cells were lysed and total RNAs were extracted. HCV
genomes were measured by quantitative RT-PCR. The results are expressed as RNA copies per nanogram
of total RNA, and the error bars indicate the SEM of the results of three independent experiments. The
data were analyzed by Student'’s t test (**, P < 0.01). (B) HCoV-229E infection of polarized cells. Polarized
cells (clones 15 and 1SC3) were infected at the apical or basolateral domain with a recombinant
HCoV-229E expressing Renilla luciferase. At 6 h postinfection, the cells were lysed and luciferase activities
were quantified. The results are expressed as relative light units (RLU). The error bars indicate the SEM
of the results of three independent experiments. The data were analyzed by Student's t test (**, P < 0.01).

can make contact with the basolateral domain of hepatocytes. However, it has never
been proved experimentally that HCV infects cells at the basolateral domain. Polariza-
tion of cells on semipermeable supports offers the advantage of having independent
access to the different poles of the cells. To determine which membrane domain is
targeted for HCV entry, we infected polarized cells either from the apical or from the
basolateral domain. In control nonpolarized cells (Huh-7 or nonpolarized clones 15 and
1SC3), HCV could infect cells equally from both domains (Fig. 4A). In contrast, in
polarized cells, HCV predominantly infected cells when administered at the basolateral
domain. To confirm that HCV genomes detected upon inoculation in polarized cells
reflect HCV infection, the same experiment was performed in the presence of 1 nM
daclatasvir to inhibit HCV replication. As shown in Fig. 4A, strong inhibition of infection
of the polarized clones was observed after apical or basolateral infection. To determine
if polarized infection of clones 15 and 1SC3 is specific to HCV or can be applied to other
viruses, we analyzed infection of polarized cells by human coronavirus 229E (HCoV-
229E). HCoV-229E relies on aminopeptidase N (APN), an apically located protein, to
initiate entry into the host cells. As expected, infection occurred predominantly when
the virus was applied at the apical domain (Fig. 4B). Differences in apical versus
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FIG 5 (A) Polarized cells (clones 15 and 15C3) and nonpolarized cells (clone 1SC3, clone 15, and Huh-7
cells) were incubated with purified virions at 4°C for 2 h at the apical or basolateral domain. Then, the
cells were lysed and total RNAs were extracted. HCV genomes were measured by quantitative RT-PCR.
The results are expressed as RNA copies per nanogram of total RNA, and the error bars indicate the SEM
of the results of three independent experiments. (B) Binding of purified virus in the presence or absence
of 500 ug/ml heparin.

basolateral infection were statistically significant for clone 15; however, for clone 15C3,
the differences did not reach significance.

The difference in infection efficiency between inoculation at the basolateral and at
the apical domain could result either from a defect in binding at the apical pole or from
restriction of the localization of at least one (co)receptor at the basolateral domain. To
address this question, we first quantified virus attachment to each membrane domain.
Purified virus was incubated at 4°C at either the apical or basolateral domain of
polarized or nonpolarized cells, and bound viruses were measured by quantitative
RT-PCR. We did not detect any difference in the initial attachment of the virus to the
apical or basolateral surfac of the cells (Fig. 5A), supporting the idea that cell polariza-
tion has no effect on HCV attachment. The same experiment was performed in the
presence of heparin to confirm that our binding assay was able to detect differences in
binding efficiencies. As expected, heparin inhibited apical as well as basolateral binding
of the virus (Fig. 5B).

We next analyzed the cell surface distributions of the four major HCV coreceptors
under polarized conditions. To facilitate their detection, polarized cells were transduced
with lentiviral expression vectors for CD81, OCLN, or CLDN1 fused to a fluorescent
protein (green fluorescent protein [GFP] or cerulean [Cer]), whereas SR-Bl was detected
by immunostaining of the endogenous protein. As shown in Fig. 6A and E, cell surface
staining of SR-Bl was observed at both domains of the cells (z sections 1, 2, and 3),
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FIG 6 (A to D) Polarized clone 15 cells were transduced with lentiviral expression vector for SR-BI (A), CD81-GFP (B), CLDN1-Cer
(C), or OCLN-GFP (D). The cells were fixed and processed for cell surface staining of SR-BI. Then, the cells were fixed and stained
for ZO-1 and nuclei. z stacks of xy sections of the cells were acquired by confocal microscopy, and 3 different z sections are
presented. (E) x-z projections of the cells stained for SR-BI or expressing CD81-GFP, CLDN1-Cer, or OCLN-GFP. SR-BI, CD81-GFP,

CLDN1-Cer, and OCLN-GFP are shown in green, ZO-1 in red, and nuclei in blue.

whereas CD81 was present only at the basolateral pole (Fig. 6B, z sections 2 and 3, and
E). CLDN1 mainly colocalized with ZO-1 at cell-cell contacts, where tight junctions are
formed, but it was also weakly detected at the basolateral surface (Fig. 6C, z sections 2
and 3). Under our experimental conditions, OCLN was not detected outside the tight
junctions (Fig. 6D). The localization of the four receptors is compatible with the mode
of infection of HCV, and the absence of CD81 expression on the apical surface is likely
responsible for the restriction of infection at the basolateral domain.

Newly synthesized progeny virus is preferentially released from the basolat-
eral domain. Bile duct damage is observed in chronic hepatitis C. In some infected
patients, it has been shown that HCV RNA can be detected in the bile and that bile duct
epithelial cells can be infected by HCV (19, 20). Bile viral loads can result from HCV
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secretion either from infected hepatocytes or from infected bile duct epithelial cells. We
therefore investigated HCV secretion in polarized cells to determine if the virus under-
goes a vectorial secretion or if HCV can be equally secreted into the bile and the blood.
Therefore, 48 h after infection at the basolateral domain of polarized cells, apical and
basolateral supernatants were collected and viral production was quantified. As seen in
Fig. 7A, more than 90% of HCV particles were secreted from the basolateral pole.
Indeed, 3.09 = 0.08 and 3.6 = 0.24 log,, FFU/ml were released from the basolateral
pole for clone 15 and clone 1SC3, respectively, whereas only 2.3 = 0.22 and 2.1 = 0.31
log,, FFU/ml were produced in the apical chamber. Since we cannot exclude the
possibility that noninfectious viral particles might also be secreted from the apical pole,
we also quantified HCV genome secreted from both poles of infected polarized cells.
However, as shown in Fig. 7B, the release of HCV genome paralleled that of infectious
particles. Altogether, these data indicate that HCV secretion is polarized and that
hepatocytes release HCV particles from their basolateral domains.

Low-density viral particles are secreted from polarized cells. Due to their
association with lipoproteins, HCV particles exhibit a rather low density. However, the
buoyant density of virions produced in vivo is lower than that of viral particles
generated in hepatocytic cell lines (21), indicating that cell culture systems do not
completely recapitulate the production of fully mature viral particles. A suitable cellular
model to study the detailed mechanisms of VLDL and LVP formation is still lacking. It
has recently been shown that HepG2 treatment with oleic acid (OA) combined with the
MEK/ERK inhibitor U0126 can stimulate the production of VLDL, but without affecting
the density of secreted HCV particles (22). Here, we analyzed the density of HCV virions
produced in polarized cells treated with OA and U0126. In untreated polarized cells, the
density profile of secreted virions was the same as that of HCV particles released from
nonpolarized Huh-7 cells (Fig. 8A and B, gray lines). As previously shown (22), treatment
of Huh-7 cells with OA and U0126 did not modify the density profile of HCV virions (Fig.
8B, black line). In contrast, we observed a shift toward lower densities for HCV particles
released from clone 15 cells treated with OA and U0126 (Fig. 8A, black line). Indeed 21%
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FIG 8 Polarized clone 15 cells and nonpolarized Huh-7 cells were infected with HCV. Twenty-four hours
later, the medium was replaced and the cells were incubated for another 24 h in the presence (black
lines) or absence (gray lines) of 10% OA-BSA and 1 uM UQ126. Basolateral supernatants were collected
and separated on an iodixanol buoyant-density gradient. Twelve fractions were collected from top
(fraction 1) to bottom (fraction 12) and analyzed for their density and infectivity by titration. The error
bars indicate the SEM of the results of three independent experiments.

of the total virus secreted by treated polarized cells had a density of 1.07 g/ml, whereas
in control polarized cells, the virus peaked at a density ranging from 1.10 g/ml to 1.13
g/ml. These results indicate that cell polarization combined with OA and U0126
treatment promotes the formation of LVP of lower density.

DISCUSSION

In the absence of appropriate models, the role of cell polarity in the HCV life cycle
remains poorly defined. This is due to the specific polarization structures of hepato-
cytes, which exhibit a complex pattern of distribution of the tight-junction proteins and
therefore do not allow the physical separation of the apical and basolateral domains
under cell culture conditions. Here, we selected HepG2-CD81 cell clones exhibiting a
simple columnar polarization capacity when grown on a semipermeable support. We
showed that these HepG2-CD81 cell clones are able to polarize with unique apical and
basolateral domains. With the help of this cell culture system, we also showed that HCV
entry and release take place at the basolateral domain of hepatocytes. In addition,
when polarized cells were treated with OA and U0126, a MEK inhibitor, lower-density
viral particles were secreted. Therefore, this cell culture system provides a unique model
with which to decipher the influence of cell polarization on the HCV life cycle.

Most studies concerning HCV have been performed in hepatoma cells derived from
Huh-7 cell lacking polarization properties. However, hepatocyte polarity likely affects
the HCV life cycle. First, at the entry step, cell polarity can affect the cell surface
distribution of HCV coreceptors, as shown in this work. Polarization can also affect the
route of virus internalization. Indeed, for influenza virus, the use of clathrin-mediated
endocytosis is more predominant in polarized cells than in nonpolarized cells, in which
the virus can also enter by clathrin-independent endocytosis (23). The release of newly
synthesized virions can also be influenced by polarization of the intracellular trafficking.
Cell polarization can therefore also affect virus propagation in the liver.

To address the role of hepatocyte polarity, culture models have been developed to
stimulate cellular polarization of Huh-7 cells. First, when they are grown in rotating-wall
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vessels that stimulate microgravity, Huh-7 cells are able to form multilayers and exhibit
relocalization of polarity markers, but without forming bile canaliculus-like structures
(24). In contrast, the formation of canaliculus-like structures has been observed in
spheroids that develop when Huh-7 cells are grown in Matrigel (25). In both three-
dimensional (3D) models, Huh-7 cells were susceptible to HCV to the same extent as
cells grown in 2D models. HepG2 cells are also able to form bile canaliculus-like
structures that are closed by tight junctions, and therefore, HepG2-CD81 cells have
been used to study HCV despite lower levels of replication in these cells (26). All these
models have provided valuable information regarding cell polarity, but because they
have a hepatocytic organization with multiple apical and basolateral membrane do-
mains, the specific function of each pole regarding HCV entry or release is difficult to
address. An attempt was made to investigate these specific functions by using the
Caco-2 human colon carcinoma cell line, which is able to polarize in cell culture (27).
Unfortunately, levels of HCV infection in these cells are low, and surprisingly, HCV
infects Caco-2 cells at their apical domains.

In this work, we isolated two HepG2-CD81 clones with polarization properties similar
to those of epithelial cells, allowing independent access to the basolateral or apical
pole. It has been reported that HepG2 cells lack expression of the liver-specific
microRNA miR122, necessary for HCV replication. However, a MIR122 gene is present in
HepG2 cells, suggesting that under some conditions it may be expressed (28). Our two
clones, selected for their polarization properties, could be infected by HCV, but infec-
tivities were lower than for Huh-7 cells. Indeed, infectivities of 4.06 = 0.19 and 4.19 *=
0.13 log,, FFU/ml were observed in clone 15 and clone 1SC3, respectively, compared
to 545 £ 0.19 in Huh-7 cells. Accordingly, HCV RNA loads in infected polarized cells
were also approximately 1.5 to 2 log,, units below viral genome loads in Huh-7 cells.
When we analyzed miR122 expression, we detected very low but detectable levels of
miR122 expression in HepG2-CD81 cells. However, we observed higher levels of ex-
pression of miR122 in clones 15 and 1SC3, suggesting that by isolating clones by
limiting dilution, cells that have a higher miR122 expression level than the general cell
population were selected. Therefore, the ectopic expression of miR122 was not needed
in these cell clones to achieve a good level of HCV replication. However, despite a level
of miR122 similar to that in Huh-7 cells, clone 1SC3 presented lower infectivity,
suggesting that other factors, such as HCV (co)receptor expression, may account for the
differences observed.

Cellular polarization does not restrict HCV infection. Indeed, when polarized HepG2-
CDS81 cells were infected at the basolateral domain, the level of HCV infection was
similar to infection levels obtained in nonpolarized cells (Fig. 4). Similar results have
been obtained previously in Huh-7 or Caco-2 cells (24, 27). However, under our
experimental conditions, productive infections were observed only when the virus was
added at the basolateral domain of the cells. In contrast, virus attachment was not
restricted to this membrane domain. Our results differ from those obtained in Caco-2
cells, in which HCV preferentially infects cells from the apical domain (24, 27). This
difference likely results from the use of cell lines with different origins; Caco-2 cells have
an intestinal epithelial origin. Inefficiency of HCV infection at the apical domain of
polarized HepG2-CD81 cells can be explained by the specific localization of CD81 at the
basolateral domain of the cells. It has also been reported previously that in polarized
epithelial cells, CD81 is localized at the basolateral membrane of the cells (29); however,
in hepatocyte or Caco-2 cells, CD81 is detected on both poles (27). The differences
observed in protein partitioning between the two membrane domains in different cell
lines could result from the extent of polarization achieved by the cell lines.

Upon infection, HCV circulates in the bloodstream and crosses the sinusoidal
endothelium to reach the space of Disse, where the virus encounters the basolateral
surface of the hepatocyte. Therefore, it is not surprising that the virus is able to take
advantage of this membrane domain to invade cells. In polarized HepG2-CD81 cells,
CLDN1 and OCLN were mainly localized at the tight junctions, but we cannot exclude
extrajunctional pools of these proteins that were not detected. Tight junctions form a
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physical barrier that regulates the transport of ions, solutes, and cells across the
paracellular space, but they are also involved in accumulation and anchoring of
signaling proteins and play a key role in connecting the cytoskeleton and intercellular
junctions. Tight junctions are the target of several viruses and bacteria. For instance,
coxsackievirus B virus infects enterocytes via internalization at the tight junctions (30).
So far, the role of tight junctions in HCV entry remains poorly understood, but our
polarized HepG2-CD81 cell model will be a unique tool to address this question.

In polarized HepG2-CD81 cells, HCV was predominantly secreted from the basolat-
eral domain. Over the years, valuable progress has been made regarding HCV assembly
and secretion; however, the detailed mechanisms are not yet elucidated. Th virus is
secreted as an LVP, interacting with lipoproteins and apolipoproteins. Therefore, HCV
likely usurps the VLDL production machinery, but it remains unclear how this interplay
takes place. For the correct delivery of serum proteins and bile acids in the appropriate
compartment, the intracellular trafficking is also polarized. It is known that VLDL are
secreted at the basolateral domain of hepatocytes and delivered into the blood.
Furthermore, in our experimental setting, we found that apoE undergoes vectorial
secretion, with more than 80% of the protein released in the basolateral chamber.
Accordingly, secretion of HCV also followed the same pathway, since more than 90% of
released infectious virions were secreted from the basolateral domain of the cells.

HepG2 cells have a defect in VLDL biosynthesis that can be partially corrected by
inhibition of the MEK/ERK pathway (22). A study by Jammart et al. demonstrated that
when treated with a combination of OA and U0126, a MEK/ERK inhibitor, HepG2 cells
secrete lipoproteins with lower density; however, these conditions did not affect LVP
density (31). In contrast, our polarized HepG2-CD81 cells released HCV particles with
lower density, suggesting that polarization of cells modifies their intracellular traffick-
ing, which promotes lipid sorting and favors virus-lipid interactions.

In conclusion, our study sheds light on the role of hepatocyte polarization in HCV
entry and egress, and our HepG2-CD81 cell culture system provides a unique model to
decipher the interplay between HCV infection and cell polarization. Finally, this simple
polarized cell culture model also provides the opportunity to produce and characterize
viral particles that exhibit biophysical properties similar to those of patient virus.

MATERIALS AND METHODS

Cell culture. HEK293T/17 cells (ATCC), Huh-7 cells (32), and HepG2-CD81 cells (kindly provided by
F. L. Cosset, ENS, Lyon, France) were cultured in Dulbecco’s modified Eagle medium (DMEM) (Life
Technologies) supplemented with 10% fetal bovine serum and 2 mM GlutaMax (Life Technologies).

Antibodies. The following antibodies were used in this work: anti-ZO-1 (Zymed; Life Technologies),
anti-CD26 (M-A261; AbD; Serotec), anti-SR-BI (BD Transduction Laboratories), and anti-HA (3F10; Roche).

Virus. The virus used in this study was based on the JFH1 strain engineered to reconstitute the A4
epitope in E1 (33) with titer-enhancing mutations (34). Plasmids carrying the full-length genome were
digested with Xbal and treated with mung bean nuclease (New England BioLabs). In vitro transcriptions
were performed using a Megascript kit (Ambion) according to the manufacturer’s protocol. Viruses were
rescued by electroporation of Huh-7 cells with 10 ng of in vitro-transcribed RNA, as described in
reference 35. Viruses were further amplified to increase viral titers. HCV infectivity in the viral stocks was
determined by counting FFU, as previously reported (35). For virus purification, highly infectious viral
supernatants were collected and cleared by centrifugation. Viruses were concentrated by overnight
precipitation with 8% polyethylene glycol (Fluka Chemie AG) and centrifugation at 13,000 X g for 20 min.
The pellets were resuspended in 1T ml of cold phosphate-buffered saline (PBS) and layered on top of a
10 to 50% continuous iodixanol gradient (Optiprep; Proteogenix). The gradients were ultracentrifuged
for 16 h at 160,000 X g at 4°C in an SW41 rotor. Twelve 1-ml fractions were collected. The density, titer,
and HCV RNA content of each fraction were determined. The two most infectious fractions were used for
binding experiments. Recombinant HCoV-229E expressing Renilla luciferase (HCoV-229E-Ren), kindly
provided by V. Thiel (Bern University), has been described previously (36).

Cell polarization. To induce the development of cell polarity, HepG2-CD81 cells were seeded on
transwell permeable supports (polyester membranes with 3-um pores; Corning). After 48 h, when the
cells were confluent, the medium was replaced with William’s medium (Life Technologies) supplemented
with 10% fetal bovine serum, 2 mM GlutaMax, 10 ng/ml gentamicin, and 1% DMSO (polarization
medium) to induce polarization (day 0). Maximum cell polarity was achieved between days 5 and 10.

Human serum albumin and apoE secretion. Cells were grown on transwell permeable supports for
21 days. The culture media of the apical and basolateral chambers were collected every day, and fresh
medium was added. Supernatants were centrifuged for 1 min at 2,000 rpm to remove cell debris. HSA
secreted in the apical and basolateral media was quantified with an enzyme-linked immunosorbent assay
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(ELISA), as previously described (16). apoE secretion was quantified at days 6 and 9 after inducing
polarization by using a human apoE ELISA kit (MabTech), as recommended by the manufacturer.

Lentivirus transduction. pTRIP-CD81-GFP, pTRIP-SRBI, and pTRIP-cerulean-CD81 were kindly pro-
vided by C. M. Rice (Rockefeller University) (12), and pTRIP-OCLN-GFP was described previously (36).

pTRIP-Ha-Tfr was constructed by excision of the mCherry-CD81 coding sequence in pTRIP-mcherry-
CD81 between the Nhel and Xhol sites. The coding sequence of the transferrin receptor with an HA tag
was PCR amplified using pCDNA3-tfR-Ha (37) as a template with forward primer 5'-GTCTCGAGTCAAGC
GTAATCTGGAACATCGTATGGGTA-3’ and reverse primer 5'-TGGCTAGCACCATGAAGTGCCTTTTGTACTTAG
CCTTT-3" and cloned in the digested vector. To produce the lentivirus stocks, HEK293T/17 cells were
plated in 6-well plates. The next day, the cells were transfected with 500 ng of pTRIP vector, 400 ng
gag-pol expressing vector, and 100 ng of vesicular stomatitis virus (VSV) G protein expression vector with
Turbofect (Thermofischer) according to the manufacturer’s instructions. Virus stocks were collected 48 h
after transfection and filtered.

At day 5 after polarization induction, the cells were transduced by adding lentivirus to the apical
chamber for 2 h. Then, the cells were washed, and fresh polarization medium was added to each
chamber. The cells were fixed 36 h later with 3% paraformaldehyde in PBS and processed for indirect
immunofluorescence.

Immunofluorescence. Polarized cells were fixed and permeabilized with 0.5% Triton X-100 diluted
in PBS. Then, the cells were blocked for 10 min in PBS containing 10% goat serum and incubated with
anti-ZO-1 (Zymed, Life Technologies) with or without anti-CD26 diluted in blocking solution for 30 min.
Then, the cells were washed 3 times in PBS for 5 min each time and were incubated with fluorescent
secondary antibodies (cyanine 3-conjugated goat anti-rabbit and Alexa 488-conjugated goat anti-mouse;
Jackson ImmunoResearch) and DAPI (4',6-diamidino-2-phenylindole) diluted in blocking solution. The
cells were washed, and the permeable membranes were mounted between a coverslip and a slide with
4-88 Mowiol-based mounting medium.

For membrane staining of HA-TfR and SR-BI, fixed cells were blocked in 10% goat serum in PBS and
incubated with anti-HA or anti-SR-BI diluted in blocking buffer for 30 min prior to permeabilization. Then,
the cells were permeabilized and further processed for staining of ZO-1 as described above.

Confocal microscopy was carried out with an LSM780 confocal microscope (Zeiss) using a 63X oil
immersion objective with a 1.4 numerical aperture. Signals were sequentially collected using single
fluorescence excitation and acquisition settings to avoid crossover. Eleven to 21 confocal planes
separated by 0.4 um were acquired. The image stacks were processed using ImageJ, and final figures
were assembled using Adobe Photoshop Elements version 6.0.

Relative miR122 expression. Total RNA was extracted from confluent cells using a mirVana miRNA
isolation kit according to the manufacturer’'s recommendations (Life Technologies). Reverse transcription
was performed by using the TagMan Advanced miRNA cDNA synthesis kit according to the manufac-
turer’s instructions. Then, miR122 and miR423, an endogenous control, expression levels were quantified
by real-time quantitative PCR using the TagMan Advanced miRNA assay according to the manufacturer’s
recommendations. We used the AAC; method with miR423 as the endogenous control and Huh-7 cells
as the calibrator.

HCV infection of polarized cells. At day 5 after polarization induction, cells were infected by
incubating the virus either at the basolateral domain or at the apical domain for 1 h at 37°C at a
multiplicity of infection (MOI) of 0.25. Then, the cells were washed and fresh polarization medium with
or without 1 nM daclatasvir was added in both chambers. At 30 h postinfection, total cellular RNA was
extracted by using the Nucleospin RNA kit (Macherey-Nagel) as recommended by the manufacturer, and
HCV genomes were measured by quantitative RT-PCR as previously described (38). Control, nonpolarized
cells were seeded on a transwell permeable support and infected in parallel with polarized cells at 48 h
after seeding, when the cells were confluent.

HCoV-229E infection of polarized cells. At day 5 after induction of polarization, cells were infected
by incubating the virus either at the basolateral domain or at the apical domain for 1 h at 37°C. At 6 h
postinfection, the cells were lysed and luciferase activities were quantified by using the Renilla luciferase
assay system (Promega) according to the manufacturer’s instructions.

Virus attachment. Purified virus was diluted in cold DMEM-HEPES (DMEM without bicarbonate
containing 25 mM HEPES buffer). The diluted virus was bound to the apical or basolateral domain of
polarized cells for 1 h at 4°C. Then, the cells were washed with cold PBS on ice, and total cell RNAs were
extracted by using a Nucleospin RNA kit (Macherey-Nagel) as recommended by the manufacturer. HCV
genomes were measured by quantitative RT-PCR as previously described (38).

Secretion. At day 5 after inducing cell polarization, the cells were infected at the basolateral domain
at 37°C for 1 h. Then, the cells were washed, and fresh polarization medium was added to both chambers.
Forty-eight hours later, the supernatants from both chambers were collected. HCV infectivity in each
supernatant (apical and basolateral) was quantified by counting the FFU, as previously reported (35).
RNAs were extracted by using a QlAamp viral RNA kit (Qiagen) to measure HCV genomes in the
supernatant by real-time quantitative RT-PCR, as previously described (38).

Density profiles of virions secreted in the presence of MEK inhibitors. Clone 15 polarized cells
grown on transwell plates were infected by incubating the virus at the basolateral domain for 1 h at 37°C.
Then, the cells were washed, and fresh polarization medium was added to both chambers. Twenty-four
hours later, the medium was replaced with polarization medium containing 1 uM U0126 and 10%
(vol/vol) OA-bovine serum albumin (BSA). The basolateral media of 3 transwells for each condition were
collected 24 h later and pooled before loading on a 10 to 50% iodixanol gradient. The gradients were
ultracentrifuged for 16 h at 160,000 X g at 4°C in a SW41 rotor. Twelve 1-ml fractions were collected, and
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the titer and density of each fraction were determined. For nonpolarized cells, clone 15 cells or Huh-7
cells were infected, and 24 h later, the cells were incubated in culture medium supplemented with 1%
DMSO, 1 uM U0126, and 10% (vol/vol) OA-BSA.

Graphs and statistics. Prism v5.0c software (GraphPad Software Inc., La Jolla, CA) was used to
prepare graphs and to determine the statistical significance of differences between data sets.
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